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KINEMATIC AND DYNAMIC MODELS OF MANIPULATORS FOR USE IN SPACE: ST E T /.
THE CONCERT OF THE VIRTUAL MANIPULATOR e

Z. Vafa ey 2O

S. Dubownhky

Mechanical Fngineering Jepartment, Massachusetts Institute of Technoiogy, L/f
Cambridge. Ma. 02139, USA

Abstragt. Future robotic systems wiil perform compiex tasks in space. In these applications the
dynamic coupling between manipuiators and spacecraft can cause problems. A new and effective
analyticai method, called the Virtusl Manipulator, is introduced for studying the kinematics and
dynamics of manipulators in space. [t is shown that the kinematics and dynamics of space ma-
nipulator systems can be described reiatively easily using the Virtual Manipulator method. The

approach may aid in the design and development of future manipulator systems in space.

Keywords. Manipulators in space: virtual manipuiators; m:
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manipuiators; manipulsa-

tors: manipulator kinematica; manipuiator dynamics.

INTRODUCTION

Robotic manipulators are potentially very useful for per-
forming compiex tasks in space (Akin, et. al., 1983; Meintel
and Schappeil, 1962). These tasks include the repair and
servicing of sateilites and the construction of space slations
in orbit. Probiems arise in these tasks due o the dynamic
coupling between manipuiators and the spacecralt which
carry them. For example, link movements of a manipula-
tor will disturb the attitude of ils spacecraft. This in turn,
will advernely affect the manipulator’s precision, and re-
duce the on arbit life of the system by consuming excamive
attitude controi fuel. Such problems are not encountered in
current industrial manipulators which generally are rigidly
attached to their work places. Resenrchers working on the
control of space manipuiators have yet to deal with the
dynamic coupling problem (Lee, Deitey, and Dejczy, 1985;
Kohn and tlealy, 1908).

This paper presents a new and eifective analyticsl method
for studying the dynamics of ipulatora ted on
spacecrail, by introducing the concept of the Virtual Ma-
nipulator (VM). The VM is an ideal kinematic chain con-
necting a point fixed in inertial space, called the Virtual
Ground {V(:) to any point on the real manipulstor. Mo-
tions of the tyatem, i.e. the vehicie, manipuiator and pay-
load, are essily described in terms of the virtual system
motions, & systemn whose base is fixed at a point in inertial
space. This model is very eflective in understanding and
calculating kinematic and dynamic properties of space ma-
nipuiator systems. For exampile, it can be used for inverse
kinematic solutions, workspace analysis, dynamic analysis
and dynamic path planning. It inciudes the manipuiator-
vehicle system interactions, and yields simpier solutions
than conventional analysis methods. The VM also gives
substantially increased understanding of the manipuiator-
vehicle dynamic interactions and can aid in the design and
development of future manipulator systems for use in space.

A MODEL OF MANIPULATORS IN SPACE

Future space manipuiator systems will consist of one or
maore manipulators carried by a vehicle. such as shown in

Fig. 1. The vehicle will be capable of six degreas-of-lreesdom
motion, and will have reaction jeta for attitude and position
control. The system's useful life will usually be limited
by the amount of reaction jet fuel available 10 control the
vehicie's position and orientation. The manipuiator iteelf
will probably be electricaily powered by photovoitaic arrays
and use no reaction jet [uel. A major consideration will be
for the system (o perform tasks with little or 0o use of the
reaction jets.

ln the development of the VM it is assumed that reaction
jets are not used, and hence, the external forces/torques
acting on the compilete system are assumed 0 be amail.
Furthermore, the manipulator and vehicle are assumed o
be composed of rigid bodles.

THE VIRTUAL MANIPULATOR

The Virtual Manipuistor (VM) is @ massiess kinematic
chain terminating at an arbitrary point on the real me~
nipulator. Its base is the Virtual Grouad (VG) which is aa
imaginary fixed point in inertial space. It is proven below
that for a given system the properties of the VM and loca
tion of the VG are fixed.

VMs exist for many different manipuiator structures, such
an open or closed chainas, single or many branched arme, rev-
olute or prismatic joints. The discussion in this paper will
be limited to manipuiators compowsed of serial chains with
revolute connections. Although VMs exist (or any poiat on
the real manipulator, this paper deals with VMs whase ead
points coincide with real manipuistors’ end effectors.

The VG is defined to be the center of mass of the
manipulator-vehicle system. From elementry mechanics,
when there are no external forces, such as from reaction
jeta, the VG will be fixed in inertial space. It will not
move due to any internal forcea of the system such as joint
torques, or due to any manipulator motions.

Figure 2 shows a schematic drawing of an N body spatial
manipulator system. The first body in the chain reoreaenta
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the vehicie which carries the manipulator. The N** body is
A combination of the payload and the last link. The:'* joint
in called Ji, and C, is the center of mass of the 1'* body.
The vector defining the axis of rotation of J, is called A,,
and the angle & is the rotation of the i** joint. The vectors
R, and L, connect C, 0 J, and Ji o C,.(, respectively. The
vector Ry connects Cn to the end effector, E. The vectors
R, and L,_, are fixed reiative to the i** link, and hence
the angle hetween these vectors is constant {or all system
conligurations.

The location of the VG {or this system in inertial space,
the center of mass of the system, can be found by knowing
some initial position of the system. The vector S(0) defines
the known location of E with respect Lo some inertial refer-
ence frame N. Then the location of the VG, the vector T,
can be obtained from:

T =[MnS(0) + Mu_\(S(0) ~Lw.y = Ru) + . +
+M(S(0) ~Ly_s - Ryt =~ = Ry)|/Mus (1)
where: My, = My + My + My + ... + My.

The vector T is constant for all time. The vector S which
locales the center of mass of the N** body at any time, ¢,

is given by:

N=i

S(t) =T +{(Ry + L )My + .. + (Rw-y + Lwai) 3 MY Meee
-8
(2)

Equation {2) can be written in the form:
S(t) =T +(Dy +Hy) + ... + (Dp.  + Hyy)  (3)
where the vectors D, and H, are defined by:

D= B3 My M

et

(= 1.2,....N) (4)

H = L, Z .V,,’M...

(i=12,..N-1) (5}

Defining the vectors V, as

Vv, = D,

V., =H.., +D, (§ =2,3,...N) (e)

it can be seen that the chain of vectors
Vi+Vi+..+ Vg,

represents & manipuiator which has its base fixed at the VG
and whose end point is at E. This is the Virtual Manipula-
tor, see Fig. 3. The " VM link is V. It begins at thei —~1**
VM joint and ends at the i** VM joint. The last N-J VM
joints are taken as revolute, because the real manipuilator
has revolute joints. The axes of the i** VM joint and the
«'* real manipulator joint are taken parallei in the initial
manipulator position. The first VM joint, which connects
the first virtuai link to the VG, is taken as a spherical ioint.

The VM joint movements depend on the real system move-
ments. The rotations of the first VM joint, a spherical joint,

' are taken equal 0 the rotations of the spacecrafl with re-
spect to inertial space. The amount of rotation of the
virtual and real joints are always equal.

~A61-

The VM constucted, ag Jescribed above, has some very
useful properties. They are:

As the systemn moves:

a The VM link lengths do not change.

b The axes of the 1'* virtual and real joints aiways re-
main parailel.

¢ The VM end point always remain coincident with the
manipuiator end effector.

The proofs (or these properties are contained in Appendix
A. Property (c) can be extended to construct a VM with
an end point on any desired point on the real manipuiator
(Vala, 1067).

Table 1 contains the properties of a simpie planar manipe-
lator and its VM, which are both shown in Fig. 4. It shouid
be noted that the VM method is not restricted to planar
svstems.

TABLE 1. Characteristics of a manipulator and its VM.

Body ™ R L ) Y]
no (Xg) (m) (m) (m) (m)
1 so 1.0 1.0 033 | 033
2 S0 078 | 075 | o5 0s
S0 0.5 . 0.5 -

VM APPLICATIONS

The VM has a number of applications. The motion of the
free floating actual manipuiator system can be described
by motion of the much simpler VM, which has a fixed base
in inertial space. It can be used, among other things. for
inverse kinematic calculations, work space definition, path
planning, and reduction of dynamic disturbances to the ve-
hicle due o manipulator motions {Vala. 1987. Vala and
Dubowsky, 1987). It can aleo be used Lo simplily the for-
mulation of the system dynamic equations of motion. Here
its use for this purpose is cutlined.

An N link manipulator carried on a vehicie has N+8 degreems-
of-lreedom, six for vehicle position and orientation, and
N for the manipulator joint variables. Using conventional
analysis N+6 dynamic equations of motion must be written.
This number can be reduced o N+3 by applying conserva-
tion of linesr momentum, a cumbersome procedure. Using
the VM approach the resuit yields the N+3 equations di-
rectly. Firnt, it is noted that it is possible to construct VMs
for any arbitrary point P on the real manipuistor (Vafa,
1987). All of these VMs will have the same joint angies but
different link lengths. The location of P in inertial space
can be written as a linear function of the link lengths:

X, = F(OD, : (7

where:

X, : 3 by 1 inertiai position vector of P,

F(#) : 3 by N+1 transformation matrix.

e : N+3 element vector of VM joint angles, #;,
D, : N+1 element vector of VM link lengths.



Equation (7) can be used in sither Lagrangian or Newto-
nian formuiations to give simpiy and directly a complete
set of N +3 equations of motion for the system in terms of
the N +3 VM joint angies.

As an exampie, the equations of motion for the system

shown in Fig. 5. using VM and conventional lormulation.

are shown in Table 2. The VM's equations of motion are

ciearly simpier than the conventional formuiations of equa-

tions of motion.

TABLE 2. Equations of Motion by Conventional and VM
kKormulatiops, (my = my = 1 kg, Ly = Ly =t m)
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SUMMARY AND CONCLUSION

In this paper, the concepts of Virtual Manipulatorns and
Virtual Grounds were introduced. The construction and
propertien of Virtual Manipulators was pr ed, and one
of its applications was discussed. This is a new concept
and lurther research is required to demonstrate its full can
pabilities,
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APPENDIX A. VM PROPERTIES

it will be proven here that as the manipuiator moves the
VM does not change its properties. [t is aleo proven that,
aa the system moves through a given set of joint angies,
the VM with the same joint motions will keep ita end point
coincident with the real manipuiator end effector, as shown
in Fig. Al.

Imagine that the real manipulator goes through some move-
ment. For the new manipulator position a new VM, YM°,
can be constructed so that its end point coincides with the
manipulator end effector. It is proven beiow that if the
VM corresponding to the real manipulator's original posi-
tion gora through the identical joint rotations as the real
manipulator went through, it will coincide with the VM°.

For the new real manipuiator position the vectors R; and
L; are defined in the same manner as the vectors R, and L,
which were defined eariler, and vectors D; and H; are found
by application of equations (4) and (5). Thase are shown
in Fig. Al. The ™ link of VM" is defined by H;_, + D;,
see equation (6). The new real joint axes are labeiled A;
and are parailel o the new virtual joint axss.

For a revolute joint system, the magnitudes R, and L, are
constants. That is:

=R

L=L
and since the mass of the system does not change, equations
{4) and (5) show that the magnitudes:

D; =D,
H; = H,

The angie between R, and L,., will not change as the i**
link moves, because the links are assumed to be rigid. This
angle is equal to the angie between D, and H,., and to the
angle between D, and H;_,. Therefore, the sngie between
D; and H;_, is equal to the angie between D, and H,_,.
Thus the vector H,., + D,, which represents the i** llak of
the original VM, and the vector H;_, + D:, which repre-
sents the 1'* link of VM, are equal. Therefore, links of the
original VM and the VM" will have the same sise.

Now it will be proven that when the original VM goes
through the same joint rotations, #, as the original real
manipuiator went through, it will coincide with VM*. This
proves that as the real manipulator moves through ¢ in
joint space, the end point of the VM moving through # in
its joint space will always coincide with the end effector of
the real manipuiator.

First assume the VM joint rotations are equal to the joint
rotations of the real manipulator and the rotations of the
first VM joint are equal to the vehicle rotations with respect
to inertial space. In this case, the VM link D, will coincide,
after the movement, with the link D} of VM", and since the
joint axes of rotation are fixed relative to the links, axis of
rotation A, of the YM will coincide, after movement, with
the axis A; of VM" .

Rotations about A, of the second link of the real manip~
ulator, represented by L, and R,, and the second link of
the VM, represented by H, and D,, are assumed equal.
Furthermore. the axis A,. alter movement is the same as
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and hence parailei to A;. Therefore, after movement, the
vectors Hy and Dy will be parailel to L; and R;, respec-
tively. From equations (4) and (5). L; and R; are also
parsllel to H; and D3, respectively. Thus, after movement,
the vectors Hy and Dy are paraiiel lo H; and D;. Since
the second link of the original VM after movement, has the
same rize a8 the second link of VM*, D, wiil be coincident
with D} and the vectors representing them are parallel, it
foliows that the second link of the original VM will, after
movement, coincide with the second link of VM*.

By extension it foilows that, when the original VM goes
through joint rotations corresponding to Lhose of the real
manipulator, its links will coincide with those of the VM
that corresponds to the new pasition of the real manipuia-
tor, i.e. VM". This proves that the VM moving along the
same path in joint space as the real manipuiator issufficient
to describe motioa of the real manipuiator end effector .

Abstract. Future robotic systems will perform complex
tasks in space. In these applications the dynamic coupling
between manipuiators and spacecraft can cause problems.
A new and effective analytical method, called the Virtual
Manipuiator, is introduced for studying the kinematics and
dynamics of manipuiators in space. It is shown that the
kinematics and dynamics of space manipuiator systems can
be described relatively easily using the Virtual Manipulator
method. The approach may aid in the design and develop~
ment of future manipuiator systems in space.

Fi‘. 1. A Space Manipuiator System. Fi‘. S. A Planar Two Body Syltem and the VMs for
Center of Mass of Each Body.

Fig. Al. A Manipulator System and its VM for Two
Fig. 2. N Body Revolute System in Space. Configurations.
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